The article is devoted to the problem of quality assurance of medicinal products, namely the determination of elemental impurity concentration compared to permitted daily exposures for and the correct choice analytical methods that are adequate to the formulated tasks. The paper goal is to compare characteristics of four analytical methods recommended by the Pharmacopoeia of various countries to control the content of elemental impurities in medicines, including medicinal plant raw materials and herbal medicines. Both advantages and disadvantages were described for atomic absorption spectroscopy with various atomising techniques, as well as atomic emission spectroscopy and mass spectrometry with inductively coupled plasma. The choice of the most rational analysis method depends on a research task and is reasoned from the viewpoint of analytical objectives, possible complications, performance attributes, and economic considerations. The methods of ICP-MS and GFAAS were shown to provide the greatest potential for determining the low and ultra-low concentrations of chemical elements in medicinal plants and herbal medicinal products. The other two methods, FAAS and ICP-AES, are limited to the analysis of the main essential elements and the largest impurities. The ICP-MS is the most efficient method for determining ultra-low concentrations. However, the interference of mass peaks is typical for ICP-MS. It is formed not only by impurities but also by polyatomic ions with the participation of argon, as well as atoms of gases from the air (C, N and O) or matrices (O, N, H, P, S and Cl). Therefore, a correct sample preparation, which guarantees minimisation of impurity contamination and loss of analytes becomes the most crucial stage of analytical applications of ICP-MS. The detections limits for some chemical elements, which content is regulated in modern Pharmacopoeia, were estimated for each method and analysis conditions of medicinal plant raw materials and herbal medicinal products. Keywords: elemental impurities; atomic absorption and emission spectroscopy; mass-spectrometry; inductively-coupled plasma; detection limit; pharmacopoeia; medicinal herbs; herbal medicinal product
Introduction
The control of the content of elemental impurities is an important component of the quality assurance system in the pharmaceutical industry. Some problems may appear in the course of the organisation of such control: from the establishment of a permitted daily exposure (PDE) for each element of toxicological concern to the optimal selection of analytical methods for controlling the impurity content.
Modern versions of the pharmacopoeia and documents of world organisations, which regulate elemental impurity contents, divide 28 chemical elements in medicinal products into four classes depending on their toxicity and likelihood of occurrence in the medicinal products [1] [2] [3] . Such a division forms the idea of the potential impact of elements on the human body and also sets the requirements for the sensitivity of analytical methods to be used for their detection. More difficulties arise in the production and control of herbal medicinal products (HMPs). In medicinal plants, as well as in plants used as nutritional supplements and spices, the concentrations of only five the most toxic elements are currently regulated. For other elemental impurities, there are no generally accepted limit values. However, plants can accumulate certain chemical elements in large quantities depending on the conditions of growth or the environment [4] [5] [6] [7] . Therefore, producers of HMPs often have to formulate their own requirements for analytical methods and their instrumental implementation in the course of development of a pharmaceutical system of the quality assurance [8] [9] [10] [11] [12] .
To date, pharmacopoeias offer using analytical methods based on three fundamentally different physical processes. These processes are as follows: atomic absorption, atomic emission and mass-spectrometry [13] [14] [15] .
The atomic absorption spectroscopy uses the principle that free atoms in the gaseous state generated in an atomiser can absorb electromagnetic radiation at a particular frequency and studies absorption spectra of individual elements. Excitation of spectra is usually performed by flame atomization or electrothermal atomization in a graphite cuvette. Respectively, flame atomic absorption spectroscopy (FAAS) and graphite furnace atomic absorption spectroscopy (GFAAS) are of the highest practical importance. Typically, FAAS is applied when the element concentrations are high enough, whereas GFAAS is useful when the concentrations are low.
The characteristics of optical emission spectra form a basis for atomic emission spectroscopy (AES). Emission spectra can be excited by different sources, such as hollow cathode discharge, laser irradiation, arc discharge, etc. Last years, inductively coupled plasma (ICP) combined with AES is widely adopted in application to analytical practice.
In mass spectroscopy (MS) the studied substance is ionised, and the ions are separated in accord with their mass/charge ratios. Then the number of ions generated during the ionisation represents a mass/charge array which is recorded as a spectrum. If an ICP source ionises atoms and a mass-spectrometer records ions, such a method is called the mass spectrometry with inductively coupled plasma (ICP-MS). ICP-MS is one of the most sensitive tools for fast simultaneous determination of many elements in trace or ultra-trace concentrations. This method has recently become the mainstay for the analysis of trace elements in medicinal products.
Each of the methods above has its advantages and disadvantages compared to others which depend on the research tasks ahead. Therefore, the purpose of this paper is to substantiate the criteria for choosing the most appropriate method for controlling the content of elemental impurities in medicinal products, including herbal medicines. The following aspects of the optimal choice are considered:
1) The analytical goals. The key analytical characteristics of the method, such as a list of traceable elements, operative concentration ranges and detection limits, etc., determine the feasibility of its application and thus are the primary criterion of the optimal choice;
2) Available interferences (complications) inherent in the method when it is applied. The interferences characterise the complexity of using the method, and sometimes set the boundary of method's suitability for a particular application;
3) Performance characteristics that are relatively less important in conducting research but become more important in the practice of analytical laboratories incorporated in production processes; 4) Economic aspects that are of primary importance in the course of origination of a research centre, since they determine, together with other factors, the choice of laboratory equipment and techniques.
Results and discussion

Comparison of instrumental methods' characteristics
The key analytical parameters of the instrumental methods are compared in Table 1 . The main drawback of atomic absorption methods is their essentially mono-elemental nature. They allow one to determine the concentration of only one element during one measurement. The use of emission spectra or mass spectra allows registration of all available elements in one operation.
A burner-nebuliser system in FAAS is a rather inefficient sampling tool because only a small fraction of atomised atoms reaches the flame and holding time of the atomised particles along the optical axis is rather limited. GFAAS provides both better atomization and increased time along the optical axis that improves the detection limit compared to FAAS. Also, this method makes it possible to analyse samples of small sizes.
Upgrade of the FAAS spectrometer with the necessary equipment for the implementation of the GFAAS method is relatively simple since the equipment for atomic absorption analysis usually implies the use of different atomiser types. Such an upgrade of the instrumentation is accessible, and it significantly expands the capabilities of atomic absorption in general.
Flaming and electrothermal atomization are the most popular but not the only methods of atomization in AAS. Other atomisers, such as hydride generation and cold vapour techniques, can significantly expand a list of traceable elements.
The method of hydride generation implies the reduction of an element to its hydride, the distillation of steam to a flame-heated analytical cuvette and in which the thermal decomposition of hydrides to the atomic vapour occurs. This method is suitable for the elements forming volatile hydrides in reactions with a reducing agent (As, Sn, Bi, Sb, Te, Se, and Ge). The main advantages of the hydride generation method are as follows:
 Good sensitivity due to a 100% sampling efficiency;  Faster than GFAAS;  Good precision;  No matrix interferences due to the separation of analysed elements as hydrides.
Nevertheless, the method has some limitations because it applies to a few specific elements, has some chemical interferences and needs complicated sample preparation.
The cold vapour technique is used for the determination of mercury only as Hg has a large enough vapour pressure at ambient temperature. It includes the reduction of Hg to the atomic state by a strong reducing agent (NaHB4 or SnCl2), the dissociation of a pair of metal atoms into the quartz cuvette stream and the measurement of absorption of Hg at a resonant wavelength. The method is characterised by a good sensitivity and precision, is faster than GFAAS and eliminates many matrix interferences.
Among the methods under consideration, the ICP-MS exhibits the highest detection limit at 1-10 ppt, which is ~10 5 times better than that in the FAAS method and ~100 times better than for GFAAS. Also, mass spectrometry allows one to record peaks of a much larger number of elements than GFAAS. An important advantage of mass spectrometry is the ability to build on its basis more sophisticated analytical methods, socalled hyphenated instruments [14] . For example, ICP-MS is increasingly applied as a detector for a range of chromatographic separation methods. The front-end technique separates the different compounds with time, and the ICP-MS instrument functions as a mass selective detector to measure the elements associated with the compound(s) of interest as they elute from the chromatograph.
Concentration sensitivity of the ICP-AES method occupies an intermediate position between FAAS and GFAAS: It is ~100 times more sensitive than FAAS, but on average ten times less than GFAAS. Compared with AAS, emission spectroscopy techniques typically have the advantage of identifying heavy elements, whereas AAS is very sensitive to alkaline metals. Also, the determination of some elements (for example, S, Ca, Fe, K, and Se) has serious impediments to ICP-MS while modern ICP-AES spectrometers are most suitable for the determination of some metalloids (S, P, Cl, Br, and I).
The ICP-AES method uses two variants of the geometry of the signal registration, radial and axial [16] . In the case of radial registration, when the plasma torch is located in a vertical plane, the detection limit is lower. However, the limited plasma thickness minimises the adverse effects of spectral and background interferences. In the axial registration of the signal, the plasma rotates in a horizontal plane. The axial mode provides a 5 to 10 fold increase in the detection limit, but at the same time, it enhances the influence of interference, which makes it necessary to apply special measures to eliminate this effect.
An important indicator is the dynamic range of the method: A range of concentrations in which quantitative results can be obtained without recalibrating the system. It directly affects the number of dissolution operations necessary for the preparation of solutions: The wider linear range, the fewer standards require.
FAAS and GfAAS have a limited dynamic range of 10 2 -10 3 . Therefore, the range of concentrations suitable for the analysis of solutions is narrow. The ICP-AES has a much wider dynamic range (up to 10 6 ), which makes it a more appropriate method for highly concentrated samples or samples with various concentrations of analyte elements. In ICP-MS, a linear dynamic range of 10 8 -10 9 can be achieved. Fig. 1 schematically shows the concentration areas in which the efficient use of one or another method is possible, illustrating the influence of the dynamic range. Evidently, a larger area in the scheme corresponds to wider performances of analysis.
Fig. 1. Comparison of detection limits and linear dynamic ranges for FAAS, GFAAS, ICP-AES and ICP-MS methods
The comparison of FAAS and ICP-AES shows that the latter method completely closes all performance capabilities, regarding the working concentration range, inherent in FAAS. At the same time, GFAAS has an absolute advantage of better sensitivity. The ICP-MS method has an evident advantage over all other methods from the viewpoint of the working concentration range.
The maximal tolerable concentration of the dissolved solid phase in the solution (Table 1) is one more practically important analytical parameter. In this respect, the method of ICP-MS is significantly (up to 100 times) inferior to other methods because the application of saturated solutions in the ICP-MS provokes the emergence of strong matrix effects. Accordingly, the real advantage of ICP-MS regarding its detection limit in the solid phase even if remains uncontested but, however, becomes less pronounced in magnitude. In some cases, the ICP-MS detection limit may be commensurate with that provided by the GFAAS method.
When working for a short time (during one analysis), the FAAS method demonstrates the best accuracy, which characterises the magnitude of the oscillation around the mean and is expressed through the coefficient of variation. The worst indicator is inherent in the ICP-MS (Table 1 ). In long-term work (work throughout a working day), the situation changes to the opposite, and the mass spectrometric technique has somewhat better results than others. The FAAS method has the worst accuracy in time, first of all, because of the instability in the long work of a flame burner.
The analytical characteristics of the methods often depend on the matrix to be analysed, since various interferences or matrix effects influence the results of the analysis. Among the different types of interferences we note:  spectral, which is related to the effect of the thin structure of atomic or molecular spectra and consists in a partial or complete overlapping of various spectral lines or mass peaks;  backgrounds that are related to the effect of the background on analysis results, which often reveals a complex dependence on wavelength or other experimental factors. Among the various matrix effects, the greatest influence has:  ionisation, which can reduce the concentration of neutral atoms in the analyte;  chemical, when the chemical reactions in the sample affect the composition of the analyte;  physical, in which the physical and chemical properties of elements and compounds in the matrix (viscosity of the solution, surface tension, etc.) affect the results of the analysis. Each of the methods under comparison has its particular tolerance for matrix effects of different types. For example, the ICP-AES method is known to be more suitable for the analysis of complex matrices than the ICP-MS. The most common matrix effects, as well as methods of combating them, based on the use of optimal tools and adjusting the conventional analysis programs, are given in Table 2 . Correspondence of the analytical characteristics of the method to the parameters of the sample is a necessary, but insufficient condition. The compliance of the analytical task with the operational requirements that characterise this technique is also of importance.
For example, using some methods for certain applications may be too slow and do not provide the required amount of information for a limited time. Therefore, considering the analytical characteristics and assessing the complications caused by matrix effects are insufficient to answer the question of the feasibility of using an analytical method. The parameters that characterise the advantages and disadvantages arising from the operation of the methods should be added to complete the method evaluation. Table 3 illustrates the main performance characteristics of the compared methods. The performance of a method, which depends on the number of samples or elements that can be analysed per unit time, is among the most critical parameters. Typically, time for analysis is a function of the complexity of the task. If it is necessary to analyse the content of the elements near the detection limit or with the highest possible accuracy, then it will take longer time compared with routine analyses. If the task includes conventional analyses, the study time obviously depends on the number of elements that can be determined in one operation.
FAAS provides a relatively high processing speed when analysing a large number of samples with a limited number of elements. The typical analysis of one component requires approximately 10 seconds. However, the determination of each element requires the use of a particular light source, and different elements may need different gases. Therefore, this method is a one-element technique in its essence.
The GFAAS method has a relatively low performance. Using a graphite cuvette, the analysis of one element in one sample usually takes 2-3 minutes.
ICP-AES is a multi-element analysis method with exceptionally high performance. This method can simultaneously detect more than 70 elements in a few minutes in one sample. However, a 15-30 s delay before entering each new sample is necessary to establish equilibrium and obtain sustainable metrological characteristics.
ICP-MS is also a multi-element analysis with the same benefits and limitations as the ICP-AES. The ICP-MS method can usually detect more than 80 elements in a few minutes in a single sample. The performance depends on a few factors, such as the required precision and concentration range. Based on the comparison of performance characteristics, the most suitable application area can be outlined for each method (Table 3) .
Comparison of the parameters of the operation of analytical equipment is of particular importance at the stage of analytical laboratory origination. The optimal choice of equipment according to the tasks ahead allows one to reduce daily expenses, as well as initial investments in the organisation of the laboratory. The capital and running costs for all four methods are compared in Table 4 . As seen, the ICP-MS method is the most valuable in everyday use. Therefore, it is economically expedient to use it only when analysing a large number of samples. Due to high productivity, running costs in this application of the ICP-MS are superior to the AAS methods. Detection limits for elemental impurities in herbal medicinal products by different methods The detection limits of each analytical method depend not only on the possibilities of the method itself but the objects and elements under investigation. As already mentioned, the elemental composition of medicinal plants is variable in nature [17] . Therefore, it is advisable to compare the analytical capabilities of different instrumental methods in the determination of individual elements in the medicinal plants and HMPs. Fig. 2 illustrates the detection limits for elemental impurities achieved in FAAS and GFAAS by [18] [19] [20] [21] [22] [23] [24] . The results of various authors have been used to minimise the influence of equipment and other factors on the results of the comparative analysis. The OX axis arranges the chemical elements in order of decreasing the detection limits for the FAAS. For both methods, the detection limits are seen to depend on the nature of elements. So, for FAAS, the detection limit reaches approximately 1 μg/L in the most favourable cases, while this figure increases to 10 3 and even to 10 5 μg/L in the most unfavourable cases. The highest sensitivity for FAAS is observed for alkaline and alkaline earth metals, which usually present in sufficiently large quantities in the HMPs. Among the major impurities, which are typically characterised by a low content, we can name only cadmium. For other heavy metals, the detection limits of FAAS are already at 10 μg/L or even higher. The FAAS method demonstrates the worst sensitivity for refractory metals (Hf, Ta, Nb), as well as some metalloids, e.g. phosphorus which is a typical essential element in plants.
The use of GFAAS, as a rule, leads to an improvement of the detection limit -in most cases, approximately by 100 times. The detection limits of GFAAS also depend on the nature of elements. This indicator deteriorates from left to right along the OX axis in Fig. 2 at approximately the same speed as the FAAS method. At the same time, Fig. 2 shows a smaller number of elements that can be determined by the GFAAS method compared to the FAAS. The use of GFAAS allows one to determine the presence of fewer than 1 μg/L of virtually all heavy metals (As, Hg, Pb and Cd), the content of which is regulated for HMPs.
Similarly, Fig. 3 illustrates the comparison results for ICP-AES and ICP-MS detection limits.
The elements are arranged from left to right in order of decreasing the detection limits for the ICP-AES method.
Attention is drawn to a much smaller difference in the sensitivity between the elements located on the left and right parts of Fig. 3 in comparison with Fig. 2 . Thus, for the methods of FAAS and GFAAS, the detection limits for the most favourable elements approximately 1000 times better than those for hard-to-detect elements. For the ICP-AES method, this difference does not exceed 100 times, and for ICP-MS amounts to a factor of 10. Thus, the use of hightemperature plasma source (ICP) is much more efficient in suppressing the difference in the excitation of different atoms compared to the processes in relatively cold flames or heated graphite cuvettes.
Fig. 3. Detection limits for elemental impurities by ICP-AES (shaded dots) and ICP-MS (open dots)
The application of the ICP-AES provides a detection limit at a level not less than 1 μg/L for about half of all elements, but at a level of 10μg/L for the rest analytes. For the most favourable cases, the sensitivity improves to 0.1 μg/L or even better. The use of ICP-MS provides a detection limit, usually not worse than 0.01 μg/L. As is shown in Fig. 3 , the application of both methods provides an opportunity to determine more elements in comparison with atomic absorption techniques.
Conclusions
The results obtained allow us to conclude that the methods of ICP-MS and GFAAS provide the greatest potential for determining the low and ultra-low concentrations of chemical elements in medicinal plants and HMPs. The other two methods, FAAS and ICP-AES, are limited to the analysis of the main essential elements of plants and the largest impurities.
The main drawback of GFAAS is, in essence, its mono-element nature, which makes it very slow in the routine analysis. ICP-AES is an efficient method for multi-elemental rapid-analysis, but its sensitivity is limited.
The mass-spectrometry has high sensitivity, a wide linear dynamic range of concentrations, a low detection limit, ease and speed of measurement, and the possibility of multielement analysis. Thus, ICP-MS is the most efficient method for determining ultra-low concentrations.
However, the interference of mass peaks is typical for ICP-MS. It is formed not only by impurities but also by polyatomic ions with the participation of argon, as well as atoms of gases from the air (C, N and O) or matrices (O, N, H, P, S and Cl). Therefore, a correct sample preparation, which guarantees minimisation of impurity contamination and loss of analytes becomes the most crucial stage of analytical applications of ICP-MS.
